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We present a microscopic explanation of the controversially discussed transient negative differential trans-
mission observed in degenerate optical pump-probe measurements in graphene. Our approach is based on the
density matrix formalism allowing a time- and momentum-resolved study of carrier-light, carrier-carrier, and
carrier-phonon interaction on microscopic footing. We show that phonon-assisted optical intraband transitions
give rise to transient absorption in the optically excited hot carrier system counteracting pure absorption bleach-
ing of interband transitions. While interband transition bleaching is relevant in the first hundreds of fs after the
excitation, intraband absorption sets in at later times. In particular, in the low excitation regime, these intra-
band absorption processes prevail over the absorption bleaching resulting in a zero-crossing of the differential
transmission. Our findings are in good agreement with recent experimental pump-probe studies.
The ultrafast carrier relaxation dynamics in optically
excited graphene has been intensively studied.1–11 Typically,
the carrier relaxation has been accessed via high-resolution
pump-probe experiments.1,6,7,9,12 Common to all studies
is a bi-exponential decay of the pump-induced differential
transmission (DT) spectrum. The fast decay component
in the range of few tens of femtoseconds is assigned to
an ultrafast Coulomb-dominated carrier redistribution to-
wards a hot Fermi-Dirac distribution, whereas the slower
decay component in the range of a picosecond reflects
the equilibration between the electron and the phonon
system.6 However, while some of the studies report on a
purely positive transient DT spectrum,2,4,13 others exhibit a
zero-crossing after the initial decay.1,3,6,7,14–16 The second
decay component characterizes the recovering of the negative
transient DT signal. There is a number of possible underlying
mechanisms for the DT-zero crossing.1,3,6,7,10,14–17 For some
of the experiments, the negative DT can be clearly traced
back to the predominant intraband absorption. This is the
case, when the photon energy is smaller than twice the value
of the Fermi energy.1,7,15 However, for all other cases, where
negative DT components occur for photon energies much
larger than the Fermi energy, the underlying mechanism has
been controversially discussed in literature. In particular,
pump-induced bandstructure renormalization for transient6 or
in the long time limit18 at the M -point as well as intraband
absorption8 have been suggested as explanations for the
observed negative DT signals. In this Letter, we present
a microscopic explanation for the occurrence of transient
negative differential transmission in graphene. Based on
the density matrix formalism, we investigate the detailed
interplay of intra- and interband absorption processes on
the transient DT in graphene. The absorptive electronic
intraband transitions are assisted by emission or absorption
of a phonon with an adequate momentum necessary to fulfill
the momentum conservation, cf. Fig. 1. Intraband transitions
are shown to lead to an enhanced absorption giving rise to
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Figure 1. Illustration of the phonon-assisted intraband absorption
within the linear band structure of graphene. Applying a pulse with
the energy h¯ωL lifts electrons within the (conduction) band into an
energetically higher electronic state. To conserve energy and mo-
mentum, this intraband absorption is assisted by an interaction with
a phonon characterized by the energy h¯ωq and the momentum q.
the experimentally observed zero-crossing from positive to
negative DT signals. Note that these intraband absorption
processes are entirely related to photogenerated carriers
far from equilibrium as the calculations are performed for
intrinsic graphene. Existing studies taking into account
intraband absorption based on the Kubo formalism19 and
the Drude model8,20–22 are typically stationary and rely on
phenomenological scattering rates. Our description goes
significantly beyond these studies as we include time- and
momentum-dependent phonon-assisted intraband absorption
in a fully optical excited non-equilibrium situation on the
same microscopic footing as the direct intra- and interband
carrier-carrier and carrier-phonon scattering relaxation chan-
nels. In particular, we show that the parameter-free calculated
transient ratio of inter- and intraband processes can explain
many recent pump-probe experiments in graphene showing
an interplay of positive and negative transmission.
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2The absorption coefficient α(ω) of graphene is determined
by the imaginary part of the optical susceptibility χ(ω) =
j(ω)/(0ω
2A(ω)) with the current density j(ω), the vector
potential A(ω), and the dielectric permittivity 0.17 The cur-
rent reads
j(t) = B
∑
k
[
2Mvck =[pk]− i
∑
λ
(
Mλλk ρ
λ
k +
e0
h¯
A(t)ρλk
)]
(1)
with the constant B = 2e0h¯/(m0L2), where e0 denotes
the elementary charge, m0 the free electron mass and L2
the structure area that cancels out after performing the sum
over k. The current contains an interband (first term) and
an intraband contribution (second and third term). The cou-
pling to the light is described by the interband or intraband
optical matrix element Mλλ
′
k , respectively.
23 Furthermore,
the current depends on the carrier occupation probability ρλk
with the band index λ and the momentum k and the micro-
scopic polarization pk that is a measure for the optical transi-
tion probability.23 These two microscopic quantities are deter-
mined by solving graphene Bloch equations.23 It can be shown
that the third term of the current j(t) in Eq. (1) cancels with
the real part of interband term resulting in a purely imaginary
current.24 Finally, the absorption coefficient can be written as
α(ω) =
B
ωc0ε0
∑
k
=
[
2Mvck =[pk(ω)]
A(ω)
− i
∑
λ
Mλλk ρ
λ
k(ω)
A(ω)
]
,
(2)
with the velocity of light c0. The interband contribution is pro-
portional to Mvck and to the microscopic polarization pk(ω)
leading to the well-known absorption spectrum of graphene
with a constant value in the visible spectral range.17,25–29 The
phonon-assisted intraband processes influence the spectra via
the carrier occupation probability ρλk(ω) weighted by the op-
tical intraband matrix element Mλλk .
Since the main goal of our work is the description of the
non-equilibrium regime, we focus on the differential trans-
mission spectrum that is determined by ∆T/T0(τ, ω) ∝
α(t)(ω) − α(p,t)(ω, τ) with the absorption coefficient includ-
ing both the pump and the probe (test) pulse α(p,t)(ω, τ) and
only the test pulse α(t)(ω).30 Assuming an isotropic carrier
distribution in the momentum space after several fs,31 the tran-
sient DT reads
∆T/T0(τ, ω) ∝ Ckω [∆ρ(p,t)kω (τ)−∆ρ
(t)
kω
(τ)] (3)
+
i
L2ωA
(t)
0
∑
λk
Mλλk =[ρλ,(p,t)k (ω, τ)− ρλ,(t)k (ω, τ)],
with Ckω = |Mvckω |2e0h¯2/(8pim0v2F ), ∆ρk = ρck − ρvk,
the amplitude of the vector potential A0 and the excitation
momentum kω = h¯ωL/2vF with the pulse frequency ωL
and the carrier velocity close to the Dirac point vF . The
first line of Eq. (3) accounts for interband transitions, which
reflects the absorption bleaching due to the additional carriers
lifted from the valence into the conduction band by the pump
pulse. As a result, the transient DT is expected to show a
positive peak during the excitation. The second line describes
the phonon-assisted intraband absorption processes that are
induced by the probe pulse. Since these processes lead to an
increased absorption after the excitation, we expect also a
negative contribution to the transient DT signal.
To determine the interplay of these two contributions, we
derive equations of motion for the carrier occupation prob-
ability ρλk and the microscopic polarization pk. To exploit
the Heisenberg equation, we need the many-particle Hamil-
ton operatorH = H0 +Hc,f +Hc,p+Hc,c withH0 denoting
the interaction-free carrier and phonon part, Hc,f the carrier-
field coupling, Hc,p the carrier-phonon interaction, and Hc,c
the carrier-carrier interaction.17,23 In this letter, we focus on
the dynamics of the carrier occupation driven by the electron-
phonon contribution ρ˙λk|Hc,p , which determines the phonon-
assisted intraband absorption processes.32 Other contributions
and the equation for the microscopic polarization can be found
in Ref. 23. Here, we discuss only the carrier-phonon interac-
tion withHc,p =
∑
l1l2
∑
u(g
l1l2
u a
†
l1
al2bu+g
l1l2∗
u a
†
l2
al1b
†
−u),
where a†l and al create and annihilate an electron in the state
l = (λ,k), respectively. Furthermore, we introduce the
bosonic operators b†u and bu, which create and annihilate a
phonon in the state u = (j,q) with the phonon momentum
q and the different optical and acoustic phonon modes j. The
strength of the carrier-phonon interaction is determined by the
corresponding electron-phonon coupling elements gl1l2u .
33,34
The phonon dispersion h¯ωjq is assumed to be constant for
optical modes close to the Γ- and K-point [34] and linear
for acoustic modes [33] close to the Γ-point. Applying the
Heisenberg equation of motion, we obtain
ρ˙λk|Hc,p =
1
ih¯
∑
λ′
∑
jq
(
gλλ
′j
k,q S
λλ′j
k,q − gλ
′λj
k+q,qS
λ′λj
k+q,q
− gλλ′j∗k,q Tλ
′λj
k,q + g
λ′λj∗
k+q,qT
λλ′j
k+q,q
)
, (4)
where Sλλ
′j
k,q = 〈aλ†k aλ
′
k−qb
j
q〉 and Tλλ
′j
k,q = 〈aλ†k−qaλ
′
k b
j†
q 〉 are
phonon-assisted electron densities and transitions.35 To obtain
a closed system of differential equations, we derive additional
equations for the phonon-assisted quantities.35,36 Exemplary,
we show the equation for Sλ1λ2jk,q reading
S˙λ1λ2jk,q =
i
h¯
∆ελ1λ2k,q S
λ1λ2j
k,q +
i
h¯
∑
λ3λ4
gλ3λ4j∗k,q Q
λ1λ3λ4λ2j
k,q
+
h¯e0
m0
∑
λ′
[
Sλ1λ
′j
k,q M
λ2λ
′
k−q − Sλ
′λ2j
k,q M
λ′λ1
k
]
A(t), (5)
with the energy ∆ελ1λ2k,q = ε
λ1
k − ελ2k−q − h¯ωjq and the
scattering kernel Qλ1λ2λ3λ4jk,q = (δλ1λ2 − σλ1λ2k )σλ3λ4k−q njq −
σλ1λ2k (δλ3λ4 − σλ3λ4k−q )(njq + 1), where σλλ
′
k = 〈aλ†k aλ
′
k 〉 and
njq is the phonon occupation. The corresponding equation for
Tλλ
′j
k,q can be derived in analogy.
17,23
The last term in Eq. (5) is of crucial interest for us, since it
describes phonon-assisted optical transitions. They are driven
3by both carrier-light interaction (Mk) and implicitly also by
carrier-phonon matrix elements appearing in the dynamics of
the phonon-assisted quantity Sλ1λ2jk,q . Our goal is the descrip-
tion of the phonon-assisted intraband absorption processes af-
fecting the weak probe pulse applied after a much stronger
pump pulse that creates a non-equilibrium carrier distribu-
tion. Since the experimentally observed negative transient
DT spectrum occurs clearly after the application of the op-
tical excitation, we study the interaction of the test pulse with
the carrier occupation resulting from the pump-induced opti-
cal dynamics.6,10 To be able to solve Eq. (5) analytically, we
chose a perturbative approach assuming that32
Sλ1λ2jk,q = S
λ1λ2j
k,q(0) + S
λ1λ2j
k,q(1), (6)
where  represents a small perturbation corresponding
to the amplitude of the vector potential Atest(t) =
A0e
− t2
2σ2 cos(ωLt) describing the probe pulse with σ as
the pulse duration. Within the well tested Markov
approximation,23 the zeroth and the first order of Sλ1λ2jk,q , Eq.
(6), are obtained analytically reading:
Sλ1λ2jk,q(0) = ipi
∑
λ3λ4
gλ3λ4j∗k,q Q
λ1λ3λ4λ2j
k,q δ(∆ε
λ3λ4
k,q ), (7)
Sλ1λ2jk,q(1) = ipi
∑
λ3λ4
gλ3λ4j∗k,q Q
λ1λ3λ4λ2j
k,q
ie0
m0
∆Mλλ
′
k,qe
− t2
2σ2
2∆ελ1λ2k,q
[e−iωLtδ(∆ελ3λ4k,q + h¯ωL) + e
iωLtδ(∆ελ3λ4k,q − h¯ωL)], (8)
with ∆Mλλ
′
k,q = (M
λ′λ′
k−q − Mλλk ). All terms proportional
to the off-diagonal matrix element Mvck turn out to cancel
in the equation of ρλk. The first order S
λ1λ2j
k,q(1) describes the
phonon-assisted intraband absorption, while the zeroth order
Sλ1λ2jk,q(0) yields the standard Boltzmann-like equation contain-
ing phonon-assisted intra- and interband scattering processes.
Using Eq. (7) and (8) the equation of motion for the carrier
occupation ρλk can be written as
ρ˙λk|Hc,p+Hc,c = Γ˜inλ,k
(
1− ρλk
)− Γ˜outλ,kρλk, (9)
with Γ˜in,outλ,k = Γ
in,out
λ,k + Γ
in,out,A
λ,k . Here, Γ
in,out
λ,k describes the
time- and momentum-dependent scattering rates including the
Coulomb- and phonon-assisted contributions, which are in de-
tail discussed in Ref. 23. The field-assisted second order con-
tribution Γin,Aλ,k , responsible for the intraband absorption, reads:
Γin,Aλ,k = 2pi
∑
λ′jq
[
|gλ′λjk,q |2
(
M˜λ
′λ
k,q
∆ελλ
′
k,q
δ(∆ελλ
′
k,q ± h¯ωL)
)
ρλ
′
k−qn
j
q
(10)
+|gλ′λjk+q,q|2
(
M˜λλ
′
k+q,q
∆ελ
′λ
k+q,q
δ(∆ελ
′λ
k+q,q ± h¯ωL)
)
ρλ
′
k+q(n
j
q + 1)
]
with M˜λλ
′
k,q = ie0/m0(M
λ′λ′
k−q −Mλλk )A(t). It accounts for
optically driven intraband absorption processes that are as-
sisted by phonon absorption or emission fulfilling the mo-
mentum and energy conservation. The term Γout,Aλ,k can be ob-
tained analogously by replacing ρ ↔ ρ − 1 and n ↔ n + 1.
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Figure 2. Transient differential transmission spectrum as a function
of the delay time τ between the pump and the probe pulse illustrating
the impact of phonon-assisted intraband processes, which account for
a zero-crossing.
Basically, these terms have a similar form as the scattering
rates Γin,outλ,k . Since they are proportional to the optical matrix
elements M˜λλ
′
k,q , we expect them to have a contribution to the
DT.
Similarly to Eq. (5), Eq. (9) can be further simplified by using
the ansatz ρλk(t) = ρ
λ,0
k (t) + δρ
λ
k(t). Here, ρ
λ,0
k (t) contains
the pump-induced occupation resulting from the Coulomb-
and phonon-assisted scattering rates Γin,outλ,k ,
17 while δρλk(t) de-
scribes a small perturbation induced by the probe pulse. The
latter is in particularly driven by phonon-assisted intraband
absorption processes. Assuming a weak δ-shaped probe pulse
A = A0δ(t − τ), the Fourier transform for the perturbation
yields
δρλk(ω, τ) =
Γin,Aλ,k(ω, τ)
(
1− ρλ,0k (τ)
)
− Γout,Aλ,k (ω, τ)ρλ,0k (τ)
iω + γ˜
(11)
where the small damping γ˜ = Γinλ,k + Γ
out
λ,k is assumed to be
constant. Note that this quantity has only a marginal influence
on the impact of intraband absorption processes since all
different wavenumber contributions have to be summed up,
cf. Eq. (2). In the expression of δρλk(ω, τ), we neglect the
non-linear terms proportional to A(t) assuming a weak probe
pulse.
Inserting Eq. (11) into Eq. (3), we have all ingredients
at hand to evaluate the impact of phonon-assisted intraband
absorption processes on the transient differential transmission
(Fig. 2). As initial condition, we assume a Fermi distribution
for the electron population ρk and a Bose-Einstein distribution
for the phonon occupations njq at room temperature. First, we
analyze the impact of the excitation strength on the transient
DT spectrum. Figure 2 shows the calculated degenerate tran-
sient DT spectrum ∆T/T0(τ) excited by a 50 fs pulse with
a pump fluence of 8 µJ/cm2 at the photon energy E = 1.5
4eV. The abrupt increase of the signal reflects the ultrafast op-
tical injection of non-equilibrium carriers around the photon
energy resulting in an absorption bleaching. Afterwards, the
signal decreases on a fs timescale due to the carrier-carrier
(thermalization of the non-equilibrium electrons) and carrier-
phonon (cooling and recombination of the thermalized elec-
trons) scattering.6 Taking into account only interband absorp-
tion (Fig. 2, thin line), the transient DT signal remains posi-
tive during the entire dynamics. However, after including the
phonon-assisted intraband absorption, the transient exhibits a
distinct zero-crossing after approximately 310 fs followed by
a subsequent recovery towards zero on a ps timescale. This
observation reflects well the experimental observation, as will
be discussed below.
For both theory curves in Fig. 2, we find a bi-exponential
decay characterized by a fast time constant τ1 = 90 fs and a
slow component τ inter2 = 0.6 ps (positive DT, thin orange line)
and τ inter+intra2 = 2.8 ps (negative DT, thick violet line) de-
pending on whether intraband processes are included or not.
The intraband absorption does not change the first decay rate,
however, the second decay is considerably slowed down in the
presence of intraband absorption. The decay τ inter2 is deter-
mined by the electron cooling due to electron-phonon interac-
tion, whereas the decay τ inter+intra2 in the presence of intraband
absorption has a different origin: Since intraband absorption
occurs always for finite carrier population ρλk, τ
inter+intra
2 is lim-
ited by carrier recombination processes that take place on a
slower time scale (several ps) than the carrier cooling (one
ps).
Figure 3(a) illustrates the impact of the phonon-assisted in-
traband absorption on the transient DT at different pump flu-
ences covering the range of 2 − 24 µJ/cm2. The fast decay
time τ1 exhibits a weak increase from 80 to 110 fs with the in-
creasing fluence. In the case of weak excitation, the thermal-
ized carrier distribution differs only slightly from the initial
thermal distribution. Due to the low population, the impact
of Pauli blocking above the thermal tail is almost negligible
with the consequence that the out-scattering from the excited
states becomes very efficient and leads to a fast decay τ1. For
stronger excitation, the efficient Pauli blocking suppresses the
out-scattering explaining the increased τ1 time.37 In contrast
to the fast decay component, the slower τ2 time decreases ap-
proximately linearly from 3.3 to 2.7 ps with increasing pump
fluence: At high excitation, there is an increased number of
excited carriers at the Dirac-point resulting in faster recombi-
nation of the carrier system.
To test the predicted behavior, we compare our results with
recently performed experimental data [10] depicted in Fig.
3(b). Investigating increasing pump intensity, we find both in
theory and experiment (i) similar timescales τ , (ii) the same
trend of the zero-crossing, and (iii) height trend as a function
of pump intensity. The absolute value of the negative transient
DT signal increases with the pump fluence, cp. the insets of
Fig. 3(a) and (b). At high fluences, the intraband absorption
is enhanced due to the larger number of available carriers in
the conduction band. At the same time, increasing the fluence
gives rise to a more efficient Pauli blocking, which increases
the absorption bleaching and leads to a stronger positive DT
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Figure 3. (a) Transient differential transmission spectrum for differ-
ent pump fluences including the phonon-assisted intraband absorp-
tion processes. (b) Experimentally measured transient differential
transmission at the same conditions (excitation energy of 1.5 eV and
a pulse width of 50 fs). (c) Fluence-dependent ratio I−max/I+max
denoting the maximal negative and positive transient DT signal, re-
spectively. The strongest relative impact of phonon-assisted intra-
band processes is predicted at small fluences - in good agreement
with the experiment.
signals. Figure 3(c) shows the fluence-dependence of the ra-
tio I−max/I+max between the maximal negative (I−max) and
positive (I+max) transient DT signal. We find a good agree-
ment between the theoretically predicted and experimentally
measured behavior: The ratio clearly decreases with the flu-
ence with a maximal ratios in the range of 10% found in the
weak excitation regime. The decrease can be traced back to
the predominant role of the Pauli blocking at high fluences
prevailing over the increased efficiency of intraband absorp-
tion. This also explains the observation both in theory and
experiment that the zero crossing occurs at larger delay times
with the increasing fluence, cf. the insets of Fig. 3(a) and (b).
The theoretically predicted values for τ2 correspond well with
5the timescale experimentally observed.
In conclusion, we propose a microscopic mechanism ex-
plaining the occurrence of the transient negative differential
transmission in graphene that has been observed in several re-
cent pump-probe experiments. In agreement with experimen-
tal results, our calculations reveal that the interplay of inter-
band and phonon-assisted intraband absorption processes pro-
vides a qualitative explanation of this effect: phonon-induced
processes open an additional absorption channel assisted by
simultaneous absorption or emission of phonons that are re-
quired to fulfill the conservation of momentum.
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